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ST2 Requires Th2-, but Not Th17-,
Type Airway Inflammation in
Epicutaneously Antigen-
Sensitized Mice

Hideaki Morital2, Ken Arae?3, Tatsukuni Ohno?, Naoki Kajiwara?, Keisuke Oboki2, Akio Matsuda?,
Hajime Suto?, Ko Okumura?, Katsuko Sudo®, Takao Takahashi!, Kenji Matsumoto? and
Susumu Nakae24.6.78

ABSTRACT

Background: IL-33 is known to induce Th2-type cytokine production by various types of cells through its re-
ceptors, ST2 and IL-1RAcP. Polymorphism in the ST2 and/or IL.-33 genes was found in patients with atopic
dermatitis and asthma, implying that the 1L-33/ST2 pathway is closely associated with susceptibility to these
diseases. Exposure to allergens through damaged skin is suspected to be a trigger for allergen sensitization,
resulting in development of such allergic disorders as asthma and atopic dermatitis.

Methods: To elucidate the role(s) of the IL.-33/ST2 pathway in asthma in individuals who had been epicutane-
ously sensitized to an antigen, wild-type and ST2-/~- mice were epicutaneously sensitized with ovalbumin
(OVA) and then were intranasally challenged with OVA. The degree of airway inflammation, the number of leu-
kocytes and the activities of myeloperoxidase (MPO) and eosinophil peroxidase (EPQO) in bronchoalveolar lav-
age fluids (BALFs), The levels of cytokines and chemokines in lungs and OVA-specific IgE levels in sera were
determined by histological analysis, a hemocytometer, colorimetric assay, quantitative PCR or ELISA, respec-
tively.

Results: The number of eosinophils in BALFs, the levels of Th2 cytokines and chemoattractants in the lungs
and OVA-specific IgE in sera from ST2-/- mice were significantly reduced compared with wild-type mice. Al-
though the number of neutrophils in BALFs and the pulmonary levels of IL-17 were comparable in both mice,
the levels of MPO activity in BALFs and neutrophil chemoattractants in the lung were reduced in ST2-/- mice.
Conclusions: The IL-33/ST2 pathway is crucial for Th2-cytokine-mediated eosinophilic, rather than Th17-
cytokine-mediated neutrophilic, airway inflammation in mice that had been epicutaneously sensitized with anti-
gens and then challenged with antigen.
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INTRODUCTION

Several longitudinal epidemiological studies proved
that eczema is the first clinical manifestation of aller-
gic diseases during infancy, followed by the develop-
ment of atopic asthma and rhinitis.!4 The underlying
mechanisms of allergic disease development remain
unclear, but exposure to allergens through skin dam-
aged by disruption of the epidermal barriers is sus-
pected to be a trigger for sensitization in allergic dis-
orders. In support of this notion, genetic deficiency
for filaggrin, which is crucial for formation of epider-
mal barriers, is considered to be a predisposing factor
for certain allergic diseases such as atopic dermatitis,
asthma and rhinitis.5® Notably, filaggrin-deficient
mice develop dermatitis after epicutaneous exposure
to protein antigens.® In addition, mice that had been
epicutaneously sensitized with an allergen develop al-
lergic airway inflammation after inhalation of the
same allergen.10-13 These findings suggest that epicu-
taneous exposure to antigens due to dysfunctional
epidermal barriers contributes strongly to induction
of allergic diseases.

11-33, a member of the IL-1 family of cytokines, is
able to induce production of Th2-type cytokines by
various types of cells such as Th2 cells and mast cells
through its ST2 and IL-1RAcCP receptors.4 IL-33 is lo-
calized in cell nucleild and released by necrotic cells
after tissue injury,l1618 suggesting that it may be re-
leased by damaged skin after scratching, thereby
contributing to the development of allergic disorders.
In support of this, IL-33 mRNA/protein levels are ele-
vated in skin lesions of patients with atopic dermati-
tis.19 Polymorphism of the ST2 and/or IL-33 genes
was found in patients with atopic dermatitis, asthma
and rhinitis,20-26 implying an association with disease
severity. However, the role(s) of the 11-33/ST2 path-
way in allergic airway inflammation in individuals
who had been epicutaneously sensitized to an antigen
remains unclear. We attempted to elucidate its role
(s) by studies in ST2-deficient mice.

METHODS

MICE

BALB/cA wild-type mice were purchased from
Sankyo Lab (Tsukuba, Japan). ST2-/- mice (on the
BALB/c background) were generated as described
elsewhere.?” Six- to 9-week-old female mice were
used in all experiments. Mice were housed under
specific-pathogen-free conditions at the National Re-
search Institute for Child Health and Development,
and the animal protocols were approved by the Insti-
tutional Review Boards of the National Research In-
stitute for Child Health and Development and The In-
stitute of Medical Science, The University of Tokyo.

EPICUTANEQOUS SENSITIZATION
Mice were epicutaneously sensitized with OVA as de-

scribed elsewhere,!3 with minor modifications. In
brief, the dorsal skin of mice was shaved with hair
clippers and then stripped 6 times with adhesive cel-
lophane tape (Nichiban, Tokyo, Japan). A patch (Finn
chamber disk; ¢8 mm; Smart Practice, Phoenix, AZ,
USA) containing an antigen solution (400 pg of OVA
[grade V; Sigma-Aldrich, St. Louis, MO, USA] in 40 ul
of PBS) or PBS alone (control) was placed on the
tape-stripped skin for 3 days and then removed. One
week later, a fresh patch having the same content
was applied to the same skin site. This cycle was re-
peated three times, resulting in a total of 9 days’ expo-
sure to the patch.

INDUCTION OF ALLERGIC AIRWAY INFLAMMA-
TION

One week after removal of the last patch, each mouse
was intranasally challenged with OVA (200 pg in 20
pl of PBS) or PBS alone for 3 days (one challenge per
day). Twenty-four hours after the last challenge,
bronchoalveolar lavage fluid (BALF) was collected
from each mouse, as described elsewhere.?8 The total
cell count and leukocyte profile were determined
with a hemocytometer (Sysmex XT-1800i; Sysmex
Corporation, Hyogo, Japan), as described previ-
ously.?9

MEASUREMENT OF MYELOPEROXIDASE (MPQ)
AND EOSINOPHIL PEROXIDASE (EPO) ACTIVI-
TIES

MPO and EPO activities were measured as described
elsewhere.?® Recombinant human MPO and EPO
(Calbiochem) were used as standard reagents.

QUANTITATIVE REAL-TIME PCR

Twenty-four hours after the last challenge, the lungs
were harvested. Total RNA in the lung homogenates
was isolated and Quantitative real-time PCR was per-
formed as described elsewhere.2? The mRNA expres-
sion levels were normalized to the GAPDH level in
each sample. PCR primers were designed as shown
in Table 1.

HISTOLOGY

Twenty-four hours after the last challenge, the lungs
were harvested and fixed in Carnoy’s solution. The
fixed tissue was embedded in paraffin and sliced into
5-um sections, followed by hematoxylin-eosin or peri-
odic acid-Schiff (PAS) staining.

MEASUREMENT OF OVA-SPECIFIC IMMUNO-
GLOBULINS IN SERA

Sera were collected twenty-four hours after the last
challenge. The level of OVA-specific IgE in each se-
rum was determined by ELISA, as described else-
where.30 Anti-OVA mouse IgE (T0S-2), as a standard
OVA-specific IgE, was kindly provided by Dr.
Mamoru Kiniwa (Taiho Pharmaceutical, Saitama, Ja-
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Table 1 Primer designs

Gene Forward (5'-3) Reverse (5'-3)
GAPDH CCCACTCTTCCACCTTCGATG AGGTCCACCACCCTGTTGCT
ST2 short TCAACCGCCTAGTGAACACACC CAAAGCCCAAAGTCCCATTCTC
IL-33 CAGGCCTTCTTCGTCCTTCAC TCTCCTCCACTAGAGCCAGCTG
-4 TCCAAGGTGCTTCGCATATTTT CAGCTTATCGATGAATCCAGGC
iL-5 CCCTCATCCTCTTCGTTGCAT ATGTGATCCTCCTGCGTCCAT
IL-13 GGCAGCAGCTTGAGCACATT GGCATAGGCAGCAAACCATG
IL-17A CCGCAATGAAGACCCTGATAGAT AGAATTCATGTGGTGGTCCAGC
CCL11 GAATCACCAACAACAGATGCAC ATCCTGGACCCACTTCTTCTT
CClL22 ATCCTGGACCCACTTCTTCTT CGGCAGGATTTTGAGGTCCA
CXCL1 CGGCAGGATTTTGAGGTCCA TGAACGTCTCTGTCCCGAGC
CXCL2 AACTGACCTGGAAAGGAGGAGC ACTCTCAGACAGCGAGGCACAT

1000 =
800 = *
600 =

400+

IL-33
(copies/ng of total RNA)

0 b ‘ ‘ = i
0 3 6 10 24
Time after tape stripping
(hours)

Fig. 1

ST2
(copies/ng of total RNA)

0 3 6 10 24
Time after tape stripping (hours)

Expression of IL-33 and ST2 mRNA was upregulated in the skin after tape stripping. mRNA was isolated

from the dorsal skin of wild-type mice at the indicated time points after tape stripping. The expression of 1L.-33
and ST2 mRNA was determined by quantitative PCR. Data show the mean + SE (n = 4). *P < 0.05 vs. 0 (hours).

pan).

STATISTICS

Unless otherwise specified, the unpaired Student’s #
test, two-tailed, was used for statistical evaluation of
the results. All results are shown as the mean + SEM.

RESULTS

EXPRESSION OF IL-33 AND 8T2 mRNA WAS
UPREGULATED IN THE SKIN AFTER TAPE
STRIPPING

An active form of IL-33 that is localized in the cell nu-
cleus?s is considered to be released by necrotic cells
during tissue injury.16-18 Patients with atopic dermati-
tis scratch inflamed skin lesions, resulting in exacer-
bation of the symptoms due to mechanical skin in-
jury.3! Since increased expression of IL-33 was ob-
served in the lesions of patients with atopic dermati-
tis,1® mechanical skin injury by scratching may result
in release of 11-33, contributing to the disease devel-
opment. Indeed, we found that expression of 1L-33
and ST2 mRNA was significantly increased in the

Allergology International Vol 00, NoO, 0000 www.jsaweb.jp/

skin of wild-type mice at 3 and 6 hours after tape
stripping, which was used to mimic mechanical skin
injury due to scratching (Fig. 1). These observations
suggest that scratching-induced I1-33 and ST2 pro-
duction may contribute to the pathogenesis of aller-
gic diseases.

ALLERGIC AIRWAY INFLAMMATION WAS AT-
TENUATED IN ST2-/- MICE SENSITIZED EPICU-
TANEQUSLY WITH OVA

Allergic airway inflammation was induced by OVA in-
halation in mice that had been epicutaneously sensi-
tized with OVA by tape stripping.10.13 To elucidate the
role of the IL-33/ST2 pathway in that setting, we
epicutaneously sensitized BALB/c-wild-type (WT)
and ST2-/- mice with OVA and then induced airway
inflammation by intranasal challenge with OVA, as
shown in Figure 2. Pulmonary inflammation accom-
panied by eosinophil and neutrophil infiltration, gob-
let cell hyperplasia and mucus secretion, but not epi-
thelial and smooth muscle cell hyperplasia, was ob-
served in epicutaneously OVA-sensitized WT mice af-
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Fig. 2 Experimental protocol.

ter the last OVA, but not PBS, challenge (Fig. 3A, B).
On the other hand, epicutaneously OVA-sensitized
ST2-/- mice showed suppressed eosinophil and neu-
trophil infiltration, but not goblet cell hyperplasia and
mucus secretion, compared with epicutaneously
OVA-sensitized WT mice after the last OVA challenge
(Fig. 3A, B). Consistent with this, the numbers of
cells such as eosinophils, neutrophils and lympho-
cytes in BALFs were significantly increased in both
epicutaneously OVA-sensitized WT and ST2-/- mice
after intranasal challenge with OVA in comparison
with after PBS inhalation (Fig. 3C). However, the
total-cell, eosinophil and macrophage, but not lym-
phocyte, counts in BALFs from ST2-/- mice were sig-
nificantly reduced compared with WT mice (Fig. 3C).
The levels of EPO activity in BALFs from ST2-/~ mice
were also decreased in that setting (Fig. 4A). Despite
a slight, but not statistically significant, decrease in
neutrophils in BALFs from ST2-/- mice (Fig. 3C), the
level of MPO activity was markedly decreased in
those BALFs compared with BALFs from WT mice
(Fig. 4A). In addition, after the challenge with OVA,
the level of OVA-specific IgE in sera from epicutane-
ously OVA-sensitized ST2-/- mice was also signifi-
cantly reduced compared with epicutaneously OVA-
sensitized WT mice (Fig. 4B).

IL-33-8T2 PATHWAY IS REQUIRED FOR Th2-
TYPE, BUT NOT Thi7-TYPE, IMMUNE RE-
SPONSES IN MICE AFTER EPICUTANEOUS Ag
SENSITIZATION

Others demonstrated that airway eosinophilia is me-
diated by Th2 cytokines, while airway neutrophilia is
mediated by Th17 cytokines, in mice epicutaneously
sensitized with OVA and then subjected to intranasal
OVA challenge.1.12 Consistent with previous reports,
we observed that-in addition to expression of mRNA
for Th2 cytokines @.e., IL-4, IL-5 and 11-13) and Th2-
associated chemokines (i.e., CCL11 and CCL22) the
expression of mRNA for IL-17A and neutrophil
chemoattractants (i.e., CXCL1 and CXCL2) in the
lungs from epicutaneously OVA-sensitized WT mice
after the last OVA challenge was significantly in-
creased in comparison with after PBS inhalation (Fig.
5). Consistent with the number of eosinophils and the
level of EPO activity in BALFs, mRNA expression for
114, IL-5, IL-13, CCL11 and CCL22 in the lungs from
epicutaneously OVA-sensitized ST2-/- mice was sig-
nificantly decreased compared with epicutaneously
OVA:sensitized WT mice after the last OVA challenge
(Fig. 5). Likewise, expression of mRNA was de-

creased for CXCL1 and CXCL2 but normal for 11-17A
in the lungs from epicutaneously OVA-sensitized
ST2-/- mice compared with epicutaneously OVA-
sensitized WT mice after the last OVA challenge (Fig.
5). These observations suggest that the IL-33/ST2
pathway is crucial for development of Th2-type im-
mune responses and contributes to, but not is essen-
tial for, the development of Thi7-type immune re-
sponses during antigen sensitization due to mechani-
cal skin injury.

DISCUSSION

1L-33 is known to induce secretion of Th2-type cytoki-
nes by various types of cells such as Th2 cells, mast
cells, basophils, eosinophils and innate-type lymphoid
cells (i.e., natural helper cells, nuocytes, MPP2 cells
and ih2 cells) through its ST2 and IL-1RACP recep-
tors,143236 suggesting involvement of IL-33 in the
pathogenesis of Th2-type allergic disorders. Indeed,
the levels of soluble ST2 proteins and IL-33 mRNA/
protein are increased in sera and/or tissue specimens
from patients with asthma3739 and in the lungs of
mice that developed allergic airway inflammation.40:41
Moreover, it is suspected that single-nucleotide poly-
morphisms in the regions of the IL-33 and ST2 genes
may influence susceptibility to allergic disorders.20-26
However, the role of the I1-33/ST2 pathway in the de-
velopment of OVA-induced allergic airway inflamma-
tion in mice remains controversial, as reviewed else-
where.14 Following two sensitizations with OVA
emulsified with alum (OVA/Alum) and then chal-
lenge by OVA inhalation, respiratory function and/or
eosinophilic airway inflammation were observed to be
normal in ST2-/~ mice4244 but attenuated in anti-ST2
mAb-treated wild-type mice.4546 On the other hand,
airway inflammation was attenuated in ST2-/- mice
that had been sensitized only once with OVA/alum
and then challenged by OVA inhalation.43 The reason
for the discrepancy remains unclear. However, it
might be partially due to an immunomodulatory ef-
fect of alum, which was used as an adjuvant, on the
antigen sensitization. For example, mast cells, B
cells, IgE, II-1, TNF and CCRS8 are not required for
development of OVA-induced airway inflammation in
mice that had been sensitized with OVA/alum,
whereas they are essential for that event in mice that
had been sensitized with OVA in the absence of alum,
as reviewed elsewhere.4” In the present study, we
used another asthma-like mouse model in which
mice were sensitized with OVA in the absence of
alum via an epicutaneous route after tape stripping of
the skin. It is known that airway inflammation ob-
served in epicutaneously antigen-sensitized mice is
associated with Th2-type cytokine-mediated eosino-
philia and Thl7-type cytokine-mediated neutro-
philia.’! Using that model, we clearly demonstrated
that development of Th2-type allergic airway inflam-
mation was significantly attenuated in epicutaneously

Allergology International Vol 00, No0, 0000 www.jsaweb.jp/



Role of ST2 in Airway Inflammation

Wild-type

hp TEEAST
i B e

Wi,

O
-+
o
e

1t
20 B wr 61
2
2 _ 15 W ST
R %9 4 s
T % 10 £%
’_gv Ov 24 dkok
5 L
0 O B
PBS OVA PBS OVA
5 » 10 = wedede
[0
2 4 Ta~ 8-
tg e
2 3 5% 67
5 X ET
2 2 = 44
1 2.
0 3 0
10« it
g 8 -
T~ g
58
g 4
[§}
= 2+
0

PBS OVA

Fig. 3 Pulmonary inflammation was attenuated in epicutaneous OVA-sensitized ST2-- mice after OVA challenge. Mice
were epicutaneously sensitized with OVA, followed by intranasal challenge with OVA or PBS, as shown in Figure 2. Twenty-
four hours after the last OVA or PBS inhalation, the lungs, BAL cells and fluids, and sera were collected. (A, B) Lung histolo-
gy. H&E (A) and PAS (B) staining. Bar = 100 pm. The data show representative results from 8-12 mice in each experimental
group, as indicated. (C) The number of BAL cells. The data show the mean + SEM (wild-type [WT] mice: PBS, n = 16, and
OVA, n = 20; ST2-~ mice: PBS, n = 14, and OVA, n = 20). ***P < 0.001 vs. the corresponding values for PBS-treated mice,
and TP < 0.001 vs. the indicated group.
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Fig. 4 The levels of EPO and MPO activities in BALFs and serum IgE were reduced in epicutane-
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Figure 3B. * P < 0.05 and ***P < 0.001 vs. the corresponding values for PBS-treated mice, and 1P <

0.001 vs. the indicated groups.

OVA-sensitized ST2-/- mice after intranasal OVA
challenge (Fig. 3B, 44, 5), suggesting that the I1-33/
ST2 pathway is crucial for induction of Th2-type aller-
gic airway inflammation, especially under adjuvant
free experimental conditions.

It was recently reported that Th2-type eosinophilic
airway inflammation after OVA inhalation was dra-
matically suppressed in IL-4~/- IL-13~/- mutant mice
that had been epicutaneously sensitized with OVA,
whereas Th17-type neutrophilic airway inflammation
was exaggerated.2 IL-17 production by T cells can be
inhibited by both IL-4 and IFN-y,48 suggesting that IL-
4-deficiency resulted in increased IL-17 production
and led to the enhanced IL-17-mediated immune re-
sponses observed in I1-4~/- I1-13~/- mice. In contrast
to IL-4-/- I1-13-/~ mice,!2 we found normal levels of
pulmonary IL-17 mRNA expression and airway neu-
trophilia in epicutaneously OVA-sensitized ST2-/-
mice after the last OVA challenge (Fig. 3B, 5). It may
be explained that IL-4 mRNA expression was signifi-
cantly decreased, but not completely abrogated, in
ST2-/- mice (Fig. 5).

Despite the normal airway neutrophilia and I1-17
levels described above, the levels of CXCL1 and
CXCL2 mRNA expression and MPO activity were
markedly decreased in lungs and BALFS, respec-
tively, from epicutaneously OVA-sensitized ST2-/-

mice after the last OVA challenge (Fig. 4A, 5). This
suggests that the 1L-33/ST2 pathway may be partially
involved in neutrophil recruitment, independently of
I1-17. Indeed, we previously reported that IL-33 can
directly induce production of neutrophil chemoattrac-
tants (i.e., IL-8) by both endothelial and epithelial
cells.49 However, since the effect of the IL-33/ST2
pathway on neutrophil recruitment was less than that
of IL-17, ST2 deficiency may not exert a significant ef-
fect on airway neutrophilia in our experimental sys-
tem.

In summary, we demonstrated that the I1-33/ST2
pathway is crucial for Th2-cytokine-mediated eosino-
philic, rather than Thi17-cytokine-mediated neutro-
philic, airway inflammation in mice that had been
epicutaneously sensitized with antigen. Our findings
may provide a clue for development of novel thera-
peutics for asthma.
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ABSTRACT

Background: The International Study of Asthma and Allergies in Childhood (ISAAC) has reported the preva-
lence of asthma and allergic diseases in many countries.

Methods: We used the ISAAC core writien questionnaire to examine the prevalence of asthma and allergic
diseases in 6- to 14-year old schoolchildren in Tokyo. In 2005, we conducted a cross-sectional survey of all
schoolchildren in all public schools located in the Setagaya area of Tokyo.

Results: Data were collected from 27,196 children in 95 schools. Prevalence ranged from 10.5% to 18.2% for
asthma symptoms and from 10.9% to 19.6% for atopic dermatitis, with both conditions tending to decrease with
age. As has been previously reported for all age groups, significantly higher rates of current asthma are ob-
served in boys than in girls. The prevalence of allergic rhinoconjunctivitis exhibited a different pattern from that
of asthma and atopic dermatitis, peaking at the age of 10 (34.8%). Prevalence of allergic rhinoconjunctivitis
was 1.5 to 2-fold higher than the previous ISAAC studies that were performed in Tochigi and Fukuoka. In all
age groups, symptoms of allergic conjunctivitis were more frequent from February to May, which coincides with
the Japanese cedar pollen season, and were less frequent between June to September.

Conclusions: The prevalence of asthma and atopic dermatitis was higher in younger schooichildren. Tokyo

schoolchildren appear to have extremely high prevalence rates of seasonal allergic rhinoconjunctivitis.

KEY WORDS

asthma, atopic dermatitis, ISAAC, prevalence, rhinitis

INTRODUCTION

Asthma and allergic diseases are common in chil-
dren. Urbanization has led to an increase in allergic
diseases, and thus, this has become an important
health problem in today’s society.

Many countries have conducted large prevalence
surveys of asthma and allergic diseases. In 1991, the
International Study of Asthma and Allergic diseases
in Childhood (ISAAC) established a standardized
methodology to compare the prevalence and severity
of asthma and atopic diseases in children.! Since
starting the study in 1993, the ISAAC Phase One
study group has examined the prevalence rates of
asthma in children around the world and found that
over a 12-month period, the highest rates were for

children living in the UK, Australia, and New Zea-
land, while the lowest were in children residing in
Eastern Europe, the Asia-Pacific, and Africa.? In con-
trast, the highest prevalence rates of symptoms re-
lated to allergic rhinoconjunctivitis occurred in coun-
tries that were scattered across the world. Moreover,
the prevalence of allergic rhinoconjunctivitis in chil-
dren aged 13-14 years was higher than those aged 6-7
years in all of the countries studied around the world.
Interestingly, this pattern was not seen for asthma.

The Japanese Ministry of Education, Culture,
Sports, Science and Technology has announced that
the prevalence of doctor-diagnosed asthma in chil-
dren has doubled from 1994 to 2004. They also re-
ported that schoolchildren are more likely than other
age groups to develop asthma.3
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In Japan, ISAAC surveys have been conducted in
Fukuoka, the eighth largest city in Japan, and in To-
chigi, which is an average-sized city. In Tochigi in
1995, the prevalence of allergic rhinoconjunctivitis in
children aged 13-14 was 21.5%.4 In Fukuoka, the 12-
month prevalence of allergic rhinoconjunctivitis
among children aged 6-7 increased from 7.8% in 1994
to 10.6% in 2002, while over the same period of time
in children aged 13-14, it increased from 14.9% to
17.6%.5 Similar trends were also seen in many other
Asia-Pacific countries and in India. In contrast, the
prevalence of asthma, however, did not notably in-
crease in any of these countries or in Japan.

Children born in urban areas are expected to have
higher prevalences of allergic diseases than those
born in rural areas.® Although Tokyo is the largest
city in Japan, and thereby, would be expected to have
the highest prevalence of allergic diseases, previous
ISAAC surveys have never been done in this city.
Thus, there were two aims of the present study. First,
the ISAAC protocol was used to determine whether
age-related differences are responsible for the preva-
lence of allergic symptoms observed among Tokyo
schoolchildren. Based on these findings, the second
part of the study was designed to compare these re-
sults with the findings of previous ISAAC studies in
Japan and determine if there were differences be-
tween large urban areas and other areas that were
less populated/more rural in nature.

METHODS

SUBJECTS

The survey was conducted from May to June, 2005, in
accordance with the ISAAC protocol.” The present
survey was part of an investigation by the Japanese
Asthma Survey Group (JASG), and was aimed at sur-
veying the prevalence of allergic diseases in all age
groups at various places throughout Japan.

Setagaya was chosen as the research zone for this
study, as it is located in the center of Tokyo. During
the study period, this was the biggest geographical
region within the Greater Tokyo Area. Setagaya has a
population density that is close to the Tokyo average,
with 830,000 inhabitants living in about 58 km? (22
square miles).

In Japan, compulsory education consists of nine
grades (years). In April of each year, children who
have reached the age of 6 enroll in an elementary
school that has six grades. After graduating from ele-
mentary school, students enter junior high school,
which has three grades. The current survey covered
all of the schoolchildren in these nine grades. During
the study period, Setagaya had 64 public elementary
schools and 31 public junior high schools, with ap-
proximately 80% of the children attending these pub-
lic schools. With the help of the Setagaya City Board
of Education, we were able to investigate all public
elementary and junior high school students.

510

QUESTIONNAIRE

We used the ISAAC written questionnaire for 6-7 year
olds for the elementary school children and the ques-
tionnaire for 13-14 year olds for the junior high school
children. Our group previously translated the ISAAC
written questionnaire from English into Japanese and
then back into English to confirm its accuracy. An ex-
planatory note for eczema and rash was added, as the
Japanese language does not normally differentiate be-
tween the two. The questionnaire was distributed at
all of the schools, with the children then taking it
home to be filled out. Prior to filling out the question-
naire, all participants in the study provided informed
consent. For the younger age group, the children’s
parents completed the questionnaire, while the chil-
dren in the older age group completed it on their
own. After completing the form, the questionnaires
were taken back to the schools for collection.

Based on the questionnaire answers, we evaluated
the 12-month point prevalences of asthma, allergic
rhinoconjunctivitis, and atopic dermatitis.” To define
current asthma and examine wheezing during the
previous 12 months, we asked the following question,
“Have you (has your child) had wheezing or whis-
tling in the chest in the last 12 months?”. If current
asthma was present, the questionnaire further as-
sessed the frequency and severity of the episodes.
Questions pertaining to allergic rhinoconjunctivitis in-
cluded those regarding sneezing or a running or
blocked nose (in the absence of flu) that was associ-
ated with itchy-watery eyes over the last 12 months.
The monthly frequency among children who had
symptoms of allergic rhinoconjunctivitis was evalu-
ated by asking, “In which of the past 12 months did
this nose problem occur? (please tick any which ap-
ply).” Atopic dermatitis was considered to be present
when there was an itchy, relapsing skin rash that af-
fected the flexural areas during the preceding 12
months.

ETHICAL CONSIDERATIONS

The ethics committee of the National Center for
Child Health and Development approved the study
protocol. The older children directly provided in-
formed consent. However, since parents completed
the questionnaire for the younger children, parental
informed consent was obtained in this group.

STATISTICAL ANALYSIS

Analyses focused on changes in the 12-month preva-
lence of the symptoms, which included asthma, rhini-
tis and dermatitis. Data were analyzed using SPSS
15.0] (SPSS Inc., Chicago, IL, USA), with a p-value of
<0.05 defined as being statistically significant. Propor-
tions between the two groups were compared using
chi-squared tests. The interrelationship between age
and the 12-month point prevalence was evaluated by
Pearson’s correlation.

Allergology International Vol 60, No4, 2011 www.jsaweb.jp/
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Elementary school Junior high school
Enrolled 29,698 children 9,592 children
6,202 non-responders 3,854 non-responders
Responded 23,496 children 5,738 children
158 uncompleted 83 uncompleted
questionnaires questionnaires
23,338 children 5,655 children
(10,773 boys/10,030 girls) (2,782 boys/2,480 girls)
[ ’ 405 were 15 years old
l 671 did not provide age
Study population 27,917 children

(13,176 boys/12,183 girls)

Fig. 1 Study subjects and the study protocol. All students in all public schools in Setaga-
ya from May through June of 2005 were enrolled in the study, with more than 70% of all
children aged 6-14 years at these schools included in the analyses.

RESULTS

Of the 95 schools approached, all agreed to partici-
pate, which resulted in a target population of 39,290
children (Fig. 1). Out of this population, a total of
23,338 elementary school children (78.6%), aged 6 to
12 years, and 5,655 junior high school children
(59.0%), aged 12 to 15 years, completed question-
naires. For the 15-year-old children, numbers were
quite small and thus, we excluded this group from
the analyses. Of the 27,917 children aged 6 to 14 that
we were able to analyze, 13,176 (47.2%) were boys,
and 12,183 (43.7%) were girls. In 2,558 children, we
were not able to determine the gender.

Current asthma prevalence ranged from 10.5% to
18.2% among all age groups (Table 1), with the high-
est found in the younger children. There was a strong
inverse correlation between the age and prevalence
(r = -0.956, P < .001). When boys were compared to
girls in all of the age groups, boys had significantly
higher rates of current asthma (2 < .001 for ages 6 to
12, P < .05 for ages 13 and 14). While frequent wheez-
ing and sleep disturbance were more common in
younger children and in boys, exercise-induced
wheezing during the last 12 months was more com-
mon in older children of both sexes and in younger
boys.

In contrast to the asthma findings, the prevalence
of allergic rhinoconjunctivitis tended to be higher in
older children (Table 2), increasing rapidly from age
6 to 10. By the age of 10, the prevalence of allergic
rhinoconjunctivitis was 34.8%. In all age groups,
symptoms of allergic rhinoconjunctivitis were more

Allergology International Vol 60, No4, 2011 www.jsaweb.jp/

frequent from February to May, and less frequent
from June to September (Fig. 2). On a day-to-day ba-
sis, moderate or severe interference due to rhinocon-
junctivitis was more common in older children of
both sexes and in boys.

Similar to the asthma findings, the prevalence of
atopic dermatitis was highest in younger children,
with analyses showing a significant inverse correla-
tion with age (» = -0.983, P < .001) (Table 2). How-
ever, severe symptoms of atopic dermatitis were
more often observed in older children. There were no
gender differences noted for the prevalence or sever-
ity of atopic dermatitis.

Among the 27,389 children aged 6 to 14 years who
completed questionnaires about their current asthma,
allergic rhinoconjunctivitis and atopic dermatitis
symptoms, 14.0% had current asthma. Of these chil-
dren, 41.6% and 31.3% had the symptoms of allergic
rhinoconjunctivitis and atopic dermatitis, respec-
tively. While 43.1% of the children in this study had
21 of the symptoms during the past 12 months, only
2.2% had all three symptoms (Fig. 3). Table 3 shows
the overlap of the current symptoms for three dis-
eases based on age among the 27,389 children.

DISCUSSION

In 2005 we examined the prevalence of asthma, aller-
gic rhinoconjunctivitis and atopic dermatitis in a large
sample of schoolchildren who resided in the Tokyo
metropolitan area of Setagaya. The prevalence of cur-
rent asthma and atopic dermatitis was inversely cor-
related with age, whereas that of allergic rhinocon-
junctivitis showed an age-dependent increase until
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Table 1 Prevalence (%) and severity of asthma symptoms in 6 to 14 year old children
Age (years)
Symptoms
6 7 8 9 10 11 12 13 14

Current wheeze

Total 18.2 15.7 15.6 13.3 14.5 11.9 12.0 10.3 10.5

Boys =214 ***17.8 ***17.8 ***16.0 **17.4 14,7 **14.9 *12.0 "12.0

Girls 14.5 13.5 12.9 10.9 10.9 9.3 9.3 8.6 8.8
Wheezing attacks = 4 /12 months

Total 5.1 3.7 4.4 3.7 4.0 3.3 3.1 3.3 3.1

Boys *6.0 4.6 5.5 4.4 *4.6 4.2 *4.0 4.1 3.1

Girls 4.3 2.8 3.2 2.9 3.0 2.7 2.3 2.7 3.0
Awakened by wheezing = 1 /wk

Total 2.4 2.3 2.0 2.0 1.6 1.3 1.2 0.6 1.2

Boys 3.0 2.4 22 2.1 1.8 *1.6 17 0.6 2.0

Girls 2.0 2.2 1.7 1.9 1.2 0.8 0.9 0.7 0.5
Speech limitation

Total 2.4 1.7 1.5 1.8 1.2 1.2 1.4 0.9 1.8

Boys 3.3 2.0 1.8 2.2 1.7 “**1.8 2.0 1.2 1.9

Girls 1.6 1.6 1.1 1.5 0.8 0.5 1.0 0.7 2.0
Exercised-induced wheezing

Total 5.8 6.0 6.2 6.7 7.6 7.1 11.7 13.2 14.4

Boys 7.6 7.3 6.6 7.9 7.8 7.9 12.0 13.6 "14.3

Girls 4.1 46 5.7 5.3 6.8 6.4 12.1 13.1 15.0

Comparisons were performed between boys and girls for each symptom and age. *P < .05, **P < .01, ***P < .001.

Table 2 Prevalence (%) and severity of allergic rhinoconjunctivitis and atopic dermatitis symptoms in 6 to 14 year old children

Age (years)

Symptoms
6 7 8 9 10 11 12 13 14
Allergic rhinoconjunctivitis
Total 19.7 22.5 25.1 26.9 34.8 325 33.8 27.8 29.1
Boys *21.2 23.1 26.3 27.1 35.6 33.0 35.2 29.3 27.0
Girls 17.7 22.3 23.9 254 345 31.9 323 27.1 30.1
Moderate to severe interference by rhinitis
Total 10.2 11.9 14.1 14.6 21.4 19.9 21.5 18.1 20.6
Boys 11.2 *13.1 **16.1 15.1 *23.4 211 *23.8 18.9 20.6
Girls 9.5 10.7 12.3 13.3 20.6 18.1 19.4 15.9 19.8
Atopic dermatitis
Total 19.6 17.4 16.9 16.6 15.3 15.0 13.6 11.9 10.9
Boys 19.9 17.0 17.3 17.7 15.6 14.8 13.3 10.7 10.3
Girls 19.7 18.5 16.2 15.6 14.8 15.0 14.1 12.8 11.4
Kept awake by rash =1/wk
Total 1.6 1.7 1.7 1.5 1.5 1.3 1.9 25 25
Boys 1.5 1.8 1.9 1.6 1.2 1.2 2.1 2.0 2.7
Girls 1.8 1.6 1.4 1.5 1.4 1.5 1.6 29 2.2

Comparisons were performed between boys and girls for each symptom and age. *P < .05, **P < .01, ***P < .001.

reaching the age of 10. These correlations also
showed an overlap of the prevalences for the three
diseases in accordance with age. These findings sug-
gest that the peak prevalence of asthma and atopic
dermatitis may occur at or before the age of 5, similar
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to that previously reported. In an Australian study,
the frequency of atopic dermatitis increased and
reached a maximum prevalence by the age of 1, after
which it decreased in an age-dependent manner in a
group of preschool-age children.®8 For asthma, the
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Fig. 2 Monthly frequency of allergic rhinoconjunctivitis in all subject age groups.
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Fig. 3 Venn diagram showing overlap of the current asth-
ma, allergic rhinoconjunctivitis and/or atopic dermatitis
symptoms among children aged 6 to 14 who completed
questionnaires that gathered symptom prevalence data over
a 12-month period.

prevalence in boys was higher than that in girls in
each age group of the present study. This supports
the findings of previous ISAAC studies, including one
that was performed in Fukuoka. This study demon-
strated that 6-7 year olds had higher prevalences of
asthma and atopic dermatitis and a lower prevalence
of allergic rhinoconjunctivitis when compared to 13-
14 year olds. The study also showed that the preva-
lence of asthma was higher in boys.2

In the present study, the prevalence of atopic der-
matitis also decreased with increasing age. On the
other hand, older children were more likely to have
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severe symptoms. This suggests that even though
mild dermatitis appears to have been completely re-
solved, severe dermatitis actually became exacer-
bated with increased age. While results of previous
ISAAC studies have been mixed with regard to these
findings, most Asian studies have shown a similar
pattern. Therefore, atopic dermatitis rates in Se-
tagaya, as in other Asian cities, might be influenced
by exposure to irritant gases such as car exhaust
fumes or by high concentrations of house dust
mites.®

The prevalence rates of allergic rhinoconjunctivitis
in children aged 6-7 and 13-14 in the present study
were extremely high as compared to those in the
2002 Fukuoka study, even though the asthma rates
were similar. It should also be noted that the preva-
lence of allergic rhinoconjunctivitis in Tokyo children
aged 6-7 was one of the highest that has been docu-
mented among all of the ISAAC Phase Three popula-
tions.® Tokyo has the highest per-capita income in Ja-
pan, and thus, our findings are consistent with previ-
ous reports that have shown that the prevalence of al-
lergic rhinoconjunctivitis is higher in high-income
versus low-income countries.10

We compared the present results from Tokyo with
those obtained using the same questionnaire several
years previously in Fukuoka and Tochigi. These
ISAAC Phase Three surveys revealed that the preva-
lence of allergic diseases in Fukuoka and other Asian
areas did not change markedly from Phase One.ll
This suggests that the prevalence of allergic disease
in Tokyo is also likely to have remained relatively
constant during this period, hence comparisons be-
tween the present and previous studies can provide
meaningful information.
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Tabie 3 Overlap prevalence (%) of asthma, allergic rhinoconjunctivitis and/or atopic dermatitis symptoms in children 6 to 14

years of age

Age (years)
Symptoms
6 7 8 9 10 11 12 13 14
BA (+), ARC (+), AD (+) 2.6 2.1 2.9 2.6 2.2 1.9 1.7 1.6 1.6
BA(+), ARC(+),AD(-) 3.2 3.9 3.4 3.4 4.9 34 4.2 2.4 25
BA(+), ARC(-),AD(+) 35 2.9 25 2.1 1.7 1.6 1.3 1.5 1.2
BA(-),ARC (+),AD (+) 3.8 4.0 4.1 45 55 5.5 5.1 2.7 2.6
BA (+), ARC(-),AD(-) 8.9 6.7 6.8 5.3 58 5.0 5.0 4.6 5.1
BA(-),ARC (+),AD(-) 10.0 12.5 14.7 16.4 22.3 21.7 22.9 20.9 22.5
BA (-),ARC (-),AD (+) 9.6 8.4 7.4 7.3 5.9 6.0 55 6.1 5.4
BA(-),ARC (-),AD (-) 58.4 59.4 58.1 58.4 51.8 54.8 54.4 60.2 59.1

BA, current wheeze; ARC, allergic rhinoconjunctivitis; AD, atopic dermatitis.

Asthma is more prevalent in urbanized areas, as air
pollution is one of environmental factors that can ex-
acerbate asthma. It is well known that components of
diesel exhaust particles worsen respiratory symp-
toms through a variety of mechanisms.!2 In Tokyo,
the number of diesel-powered automobiles is heavily
regulated by prefectural ordinances that were put in
place in 2003 in order to control the severe air pollu-
tion. Pollution concentration differences might ex-
plain why the prevalence of current wheezing in the
present study was higher in Tokyo than in Tochigi,
which is a less populated area.

Compared to Fukuoka, Tokyo has higher pollen
levels. Thus, the higher exposure to pollen in Tokyo
might contribute to the higher prevalence of allergic
diseases that are seen as compared to Fukuoka. How-
ever, it is unclear as to why Tochigi, which has
higher recorded pollen counts would have a lower
prevalence of allergic diseases as compared to To-
kyo.13 Braun-Fahrlinder suggested that there may be
factors associated with occupations related to agricul-
ture, and thus parents who farm, may pass on a re-
duced risk to their children for producing specific
IgE antibodies to aeroallergens, thereby preventing
the development of clinical symptoms of allergic
rhinitis.}4 Therefore, we speculate that Tochigi’s
higher farming population might account for this dis-
crepancy.

The prevalence of allergic rhinoconjunctivitis was
higher in older children, and there were no clear gen-
der differences noted. In all age groups, the peak
prevalences were observed during March and April, a
period that coincides with the release of Japanese ce-
dar pollen, which is one of the most common spring
pollen antigens in Japan. Therefore, it is highly likely
that the main pediatric seasonal pollen allergy that is
seen in Tokyo is due to the Japanese cedar tree.
When the monthly prevalence of allergic rhinocon-
junctivitis was examined, it was found to be similar to
the high prevalence that is seen in older children
(data not shown). As seasonal rhinoconjunctivitis is a
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strong indicator of IgE-mediated allergy in children,
our study results suggest that older children have a
higher prevalence of IgE-mediated allergy than
younger children.

Interestingly, the highest pollen counts during the
past two decades were recorded in Tokyo during the
same time when the present 10-year-old children
were in their first year of life. A Swedish study that
examined sensitization found that children born dur-
ing a vear of exceptionally high birch pollen counts
had a higher prevalence of birch pollen sensitivity at
ages 4 to 5.15 In contrast, Burr showed an inverse as-
sociation between grass pollen counts and the preva-
lence of allergic rhinitis symptoms.1¢ However, they
analyzed grass pollen counts in European countries,
Australia, and Kuwait, and thus, their results might
not be applicable to the present study in Japan.

In the current study, parents of elementary school-
children under the age of 11 along with a few elemen-
tary schoolchildren who were 12 years old completed
the questionnaires. All of the junior high school chil-
dren completed the questionnaires by themselves,
which included some 12-year-old junior high school
students. When reporting symptoms, answers pro-
vided by the parents and the children often differed,
with the children appearing to be more valid report-
ers than their parents. However, the respondent dif-
ferences could be ignored in the present study, as the
age differences over the 12-month examination pe-
riod for the three diseases did not significantly
change for those who were 12 years old. Neverthe-
less the prevalence of exercise-induced wheezing and
sleep disturbance caused by eczema more increased
after the age of 11. While it is feasible that the differ-
ences were mainly because of the respondents, these
differences might actually mean that some parents in-
correctly judged the symptoms present in their chil-
dren. Therefore, the actual prevalence of exercise-
induced wheezing and sleep disturbance caused by
eczema in the younger age groups could be higher
than what was actually reported in the current re-
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